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Abstract: A road bridge containing disused flatbed rail wagons as the primary deck 
superstructure was performance tested in a low volume, high axle load traffic road in 
Queensland, Australia; some key results are presented in this paper. A fully laden truck of 
total weight 28.88 % of the serviceability design load prescribed in the Australian bridge 
code was used; its wheel positions were accurately captured using a high speed camera and 
synchronised with the real-time deflections and strains measured at the critical members of 
the flat rail wagons. The strains remained well below the yield and narrated the existence of 
composite action between the reinforced concrete slab pavement and the wagon deck. A three 
dimensional grillage model was developed and calibrated using the test data, which 
established the structural adequacy of the rail wagons and the positive contribution of the 
reinforced concrete slab pavement to resist high axle traffic loads on a single lane bridge in 
the low volume roads network.  
Key Words: Low Volume Traffic Bridges; Bridge Decks; Performance Testing; Composite 
Actions; Serviceability Limit States.  
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INTRODUCTION    
Many ageing road bridges require urgent improvement due to the high axle load demand 
imposed in the recent version of the Australian bridge loading code, AS5100 (2004). As 
traffic volume plays a key role in the decision of budget allocations for bridge improvement, 
many bridges in the low volume traffic roads network remain in poor condition with axle 
load and/ or speed restrictions, thus disadvantaging many rural communities (Lamond, 2010).  
 In recent years, usage of disused flatbed rail wagons (FRW) for replacement of bridge 
decks is emerging as a viable method; in Iowa – for example, Doornink et al. (2003) and 
Wipf et al. (2003). A similar study on the usage of Queensland FRWs is ongoing at the 
Queensland University of Technology, Australia. A demonstration bridge consisting of the 
FRW deck and reinforced concrete slab (RCS) pavement was constructed within the 
Rockhampton Regional Council (RRC) jurisdiction, Queensland. The serviceability limit 
states of the FRW-RCS composite deck system is critical as the FRW has had a history of 
service load cycles as a rail freight wagon whilst the RCS is a cast-in-situ new component. As 
the bridge is situated in low volume traffic roads networks in RRC (Fact Sheet, 2010), fatigue 
was not considered.  
 The bridge was tested for its performance. Performance load tests are generally 
carried out using pre-determined smaller loads that are well below the ultimate load level and 
hence are low-risk; smaller trucks loaded with aggregate/sand are generally used. These tests 
are a class of non-destructive testing and provide insight into the bridge response to the 
applied loads (Chajes et al. 2000 and Ryall, 2010) and the data may also be used to assess the 
design load behaviour using calibrated analytical/ numerical models (Richard et al. 2010). 
Such tests are performed on the ageing bridges that are in service (Saraf and Nowak, 1998); 
tests are also carried out on newly constructed bridges that incorporate novel construction 
materials or design (Stalling and Yoo, 1993; Boully and Semple, 1997; Stone et al. 2001 and 
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Stiller et al. 2006). Field investigation of an innovative sandwich plate system bridge deck 
was studied by Harris et al. (2008). Many load tests reported in the literature did not capture 
the load position accurately; this makes the sensor response difficult to interpret. Doornink et 
al. (2003) had used an auto clicker that worked well when there were no external 
electromagnetic disturbances at source. As the wheel circumference (approximately 1 m) was 
used to locate the wheel, the wheel position could only be located very coarsely. In the 
current research the wheel positions were accurately captured using a high speed camera 
assisted by image analysis software; the load positions were thus easily syn hronised with the 
sensor responses using the time scale. In particular actual deformation and strains of the FRW 
caused by the loading truck running at varying operational speeds have been measured and 
used to calibrate a 3D grillage model; the model was used to assess whether or not the FRW 
can adequately resist the design loads. This paper reports the testing, the grillage analysis and 
some key results. 
 
DESCRIPTION OF THE TEST BRIDGE 
The bridge deck consists of a reinforced concrete slab (RCS) pavement spanning between the 
main girders of the FRW through a series of shear studs as shown in Fig. 1.  
 
Disused Rail Wagon 
The FRW consists of a tapered box girder along the 10.458m span, which is the primary load 
bearing member. The central and end cross sections of a FRW is shown in Figs. 2(a) and 2(b) 
respectively. It can be seen that the FRW is not symmetrical with reference to its main box 
girder; however, by connecting two FRWs (Fig. 1) a symmetrical bridge deck was obtained. 
The main longitudinal box girder is 660 mm deep tapering to 341 mm × 400 mm wide (yield 
strength 250MPa). Each FRW contains two secondary Z-beams 2.54m apart, one at each of 
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the longitudinal edges. In the transverse direction the FRW consists of six inverted T-section 
cross girders welded to the central box girder; the inverted T sections are stiffened using eight 
channels in the mid-span region.Although these dimensions are much smaller than the Iowa 
rail wagons, it has been established through full scale static load tests in the laboratory that 
the disused Queensland FRW possess adequate capacity to resist the AS5100 (2004) design 
loads (Dhanasekar and Bayissa, 2011). Impact hammer test of the FRWs has also been 
carried out with a view to examining degraded stiffness, which found the soundness of the 
main girders; the finding was also confirmed through nondestructive ultrasonic tests carried 
out to determine loss of material thickness due to corrosion.  
 The decking system of the FRW is made up of a series of folded plate sections welded 
to the primary box girder, the edge Z-beams and the inverted T-beams, at an average spacing 
of 160mm in both the longitudinal and the transverse orientations. These folded plates could 
not resist the imposed wheel loads and failed due to local punching shear and was 
disregarded in the design; their presence helped minimising formwork for concreting. 
 Since the width of single FRW (2.54m) was not sufficient for the single lane traffic of 
4.2m as stipulated in the standard AS 5100 (2004), two FRWs were connected together as 
shown in Fig. 1. The connections were made at discrete locations of the inverted T-beams 
during site assembly. Prior to transport to the site, the FRWs were sand blasted and painted. 
Shear studs (150mm long, 16mm diameter shanks, 300MPa grade steel) were welded onto 
the upper flange of the main box girders at 120mm spacing in the longitudinal direction to 
form composite action between the RCS and FRW. 
 
Reinforced Concrete Slab Pavement 
 The RCS pavement was designed as a simply supported one way slab resting on two 
main box girders. It has a thickness of 250 mm at the centre (32MPa grade) tapering to 
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200mm thick at both ends where it has kerbs of 450mm high and 500mm wide (Fig. 1). The 
grillage configuration of the FRW minimised the need for scaffolds for concreting.  
 
Support System 
The support system consisted of reinforced concrete abutments resting on two piles (900mm 
diameter × 6.5m length) each driven into the ground. Shear pin of 40mm diameter under each 
main box girder on both ends of the bridge were installed (Fig. 3). This pin restrains the 
movement of FRW in both the longitudinal and the transverse directions; it does not prevent 
uplift of the bridge. To prevent possible uplift of the structure from flood buoyancy, end 
connection brackets connecting the two FRWs were bolted onto the abutment. Ten direct 
supports, five each on the abutments, saved the bridge during the January 2011 major 
Queensland flood although the bridge was totally submerged for a few days.   
 
PERFORMANCE TEST SET-UP 
Performance load test was carried out using a normal three-axle tandem truck loaded with 
crushed rocks; the total load was only 28.88% of the serviceability design load (AS5100).  
 
Loading  
The gross loaded vehicle weight was 225.25 Tonnes as was determined using a weigh-bridge 
scale. Each wheel load was carefully measured at site, prior to each test, using a portable 
weighing scale to an accuracy of 0.5kN. The sum of the wheel loads measured at site 
correlated well with the weigh-bridge measurement. The measured wheel load distribution 
and the layout of the wheels are shown in Fig. 4. It can be seen that the truck wheels are 
consistently loaded heavier on the driver side for its full length; the passenger side was 
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approximately 4.37% under loaded relative to the driver side – thus bringing unintended 
minor asymmetry. 
 The test truck was driven within the clear markings of ‘lanes’ (Fig. 5). Two load 
positions were used; centric loading was symmetrical to the longitudinal centre line of the 
bridge and eccentric loading was 700mm away from the centreline as shown in the Fig. 5. 
This is in accordance with the recommendation of Mehrkar-Asl. and Brookes (1997). 
 Accurate wheel positions are vital to assess the structural adequacy of the FRW in the 
road bridges; therefore, a high speed camera was used to capture the wheel locations (Fig. 6). 
For clear and distinct identification of truck wheel along the bridge in the recorded video for 
motion analysis at a later stage, several target points were pasted on the tandem truck body by 
plumbing and measuring the distance between the centres of axles.  For the determination of 
the maximum deflections and bending strains, the middle axle of the truck was positioned 
exactly at the centre of the span of the bridge.  For maximum shear, the truck wheels were 
positioned with its rear axle 0.2m away from the edge of the RCS. 
 
Sensors 
Displacements and strains of the bridge deck were measured using LVDTs and strain gauges. 
 Four LVDTs were mounted on a framework of independent scaffold at the mid span 
of the bridge and four LVDTs were used to measure the deflection closer to supports (Fig. 7). 
Sufficient lateral and diagonal members were provided to each bay of the scaffold to ensure 
rigidity against accidental movements. The scaffolds near the bridge supports were designed 
like a tri-pod system with sufficient rigidity and were placed on rigid concrete platforms. 
Linear and rosette strain gauges were placed at critical sections of bending moment and shear 
force respectively. Strain gauges were installed at both bottom and top flanges of the main 
box girder and on the web and flanges of other FRW members (Fig. 8). The gauges were 
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protected from accidental damage during transportation and concreting at site by using 
special adhesive sikaflex.  
 
High-speed camera and the data acquisition system (DAQ) 
A high speed camera and the associated computer system was used to video record the 
moving truck along the span of the bridge with a view to accurately capturing the wheel 
positions on the bridge for later analysis using a ProAnalyst commercial software package.  
 The camera was set-up in the up-stream side of the river at a distance of 20m 
perpendicular to the longitudinal axis of the bridge (Fig. 6). The camera was connected and 
time-synchronised with other sensors in the DAQ and both the DAQ and the camera were 
triggered simultaneously just prior to the entering of the truck to the bridge. The data 
acquisition system was capable of recording 31channels. Portable generator was engaged at 
the site to run the high speed camera and the associated computers for recording video data.  
 
FIELD LOAD TESTS 
Four speeds were considered in the field load tests: static (0km/h, where the truck was 
stopped at the predetermined locations), crawl test (approximately 5km/h) and two moving 
load tests (20km/h and 30km/h respectively). Due to sudden dip and skew of the un-metalled 
approach roads on both side of the bridge (at the time of testing), 30km/h was the highest 
speed possible (the experienced truck drivers insisted not driving faster). Eight static tests 
were conducted: a test for maximum bending moment (BM) and another for maximum shear 
force (SF) – with one each for centric and eccentric load positions; tests were conducted in 
pairs to ensure repeatability of data. Two crawl tests were conducted; one centric and the 
other eccentric. The crawl tests took a long time; this has adversely affected downloading of 
the video from the camera into the computer and hence the crawl tests were not repeated. 
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Eight moving load tests were conducted. The 20km/h and 30km/h tests were conducted 
through two repeats each of centric and eccentric lane drives respectively. In all a total of 18 
tests were conducted and took 28 hours over four days at site to complete. 
 Prior to starting each test, the LVDTs were checked for linearity and their calibration 
factors verified individually and their DAQ channel number correctly identified. The DAQ 
and the camera were commenced recording data well ahead of the truck entering the bridge 
and the recordings continued until the truck fully left the bridge for a distance of at least 
equal to its length (Carlsson, 2006). This approach has helped settling down any 
amplification that might have been induced due to the motion of the truck on the bridge deck 
and the adjacent section of road; no other external disturbances were permitted onto the 
bridge when the data were being recorded.   
 
Deflection response 
Deflection was recorded at a rate of 128 Hz for all static tests and 1000Hz for all other tests. 
The deflection traces contained very limited noise and were in order and consistent with the 
expected behaviour of a simply supported deck system. Typical traces (from LVDT 8 in this 
case) for static and moving loads are shown in Figs. 9 (a) and (b) respectively. These figures 
also show smoothed curves drawn by averaging to eliminate noises that are expected to be 
random. The smoothed trace thus drawn was used in the determination of the maximum 
values.  Fig. 10 shows the maximum deflection measured at the mid span for various tests 
conducted. 
 It can be seen from the Fig. 10 that the effect of speed is to increase deflection, is 
consistent with the expectations of the principles of engineering mechanics. Both the girders 
1 and 2 have exhibited increased deflections with increased truck speed. In the moving test, 
the sensors were time synchronised with high speed camera and triggered at the same time 
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before the truck entered the bridge. The recorded video (1000 frames per second) was later 
analysed with ProAnalyst motion tool package for locating the truck wheel positions 
accurately on the bridge. In the video analysis, both the front and the rear axle wheel 
reference points attached on the truck body were used to track the wheel positions along the 
bridge span in relation to the synchronised time. Based on the front axle wheel position on 
the bridge length, a corresponding time was determined and matched with the recorded data 
time in the deflection/strain time series. For example, to determine the max deflection 
corresponding to wheel position at location that is expected to generate maximum bending 
moment (front wheel at 8m), the corresponding time (2.03 sec) was worked out, the 
deflection corresponding to the time was then read out (1.40 mm).  
 
Strain Response 
Strains were also collected at the sampling rate of 128 Hz for static and 1000 Hz for all other 
tests. All the channels were individually checked, verified and set to zero reference before 
commencing the load tests. In all moving tests, the strain reading slowly peaked and reached 
maximum when the truck reached the mid span area and returned to zero when the truck was 
completely left the bridge. The strains from all the tests were just over 80 microstrains while 
most tests yielded maximum strains between 50 – 75 microstrains. These low strains can be 
attributed to the low weight of the test truck and or of stiff FRW bridge. The measured 
maximum bending strains at mid span are shown in Fig. 11. The effect of speed is to increase 
in strain is evident clearly in these figures.  
 
Deflection and Strain at Normal Opertaing Speed 
The current test site conditions did not allow speeds higher than 30km/h; however once the 
approach roads are improved, it is possible to have traffic speed of up to 70km/h 
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commensurate with unlit road speeds in Queensland. By extrapolation, the maximum 
displacement was determined as 1.6mm (in girder 1) and the maximum bending strain value 
was 107µε (in girder 2); both occurring under eccentric loading. Shear strains were measured 
near the supports and the maximum average shear strain are presented in Table 1. Only two 
rosettes (one each on the web of the main girders near the supports) were installed at the 
fabrication yard for the shear assuming similar behaviour of two FRWs as they were 
comprised of same design of the Queensland Rail National (QRN) wagon with similar 
configurations. Shear strain data from girder 2 was disregarded because the truck could not 
be located with maximum loads applied to the strain gauge rosettes in girder 2; this is because 
the trucks were driven in one direction only in all tests. The shear strain is appeared to have 
been affected by the speed of the truck markedly; even a minor speed has elevated the shear 
strain but any further increase in speed has had minor effect only. This perhaps show the 
shear strain is more sensitive to the motion of the wheel as the wheel when entering the 
bridge can cause more ‘disturbance’ than when it has reached the mid span. It is interesting to 
note that all three moving load tests have produced consistent shear strains whilst the static 
shear strains were significantly lower.   
 
STRUCTURAL ADEQUACY OF FRW BRIDGE 
The structural adequacy (conforming to the provisions of the AS 5100 (2004)) of the single 
lane FRW bridge was assessed based on the field load tests and a calibrated 3D grillage 
model . The deflections and strains measured (eccentric loadings) in the field tests were 
linearly increased to M1600 load equivalent by a load ratio defined as the ratio of gross load 
of M1600 (780kN) to the gross load of the test vehicle (225.25kN) – which works out to be 
3.46.  The extrapolated maximum deflection (in Girder 1) corresponding to 70km/h (3.46 × 
1.6mm = 5.54 mm) is below the serviceability limit (16.70 mm) for the bridge of span 
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10.458m).  Similarly the maximum strain (in Girder 2) corresponding to 70km/h (3.46 × 
107µε = 370 µε ) is well below the elastic limit (2000με). 
 
Grillage Modeling of FRW Bridge 
Although the bridge is longitudinally simply supported, the transverse direction is statically 
indeterminate (five point supports on each abutment). Further, the FRW is not symmetrical to 
its main girder (Fig. 2).  The addition of RCS pavement also complicates the manner in which 
the eccentric M1600 load (often critical) is distributed to the two main girders considering the 
static redundancies in the transverse direction. The discrete connections at six of the inverted 
T-beams between the two FRWs also contributes to the indeterminacy under eccentric 
loading.  Therefore, A 3D grillage model was considered essential and was created using two 
noded (six degrees of freedom each) beam elements in a commercially available computer 
program SPACE GASS (2011). Straight members were modelled as single beam element at 
their geometric centroid; the tapered members (for example, cross girders) were divided into 
a number of sub-elements of varying depth as shown in Fig. 12.  The sub-elements are 
connected to the adjacent members with rigid link elements to ensure displacement 
compatibility. The connection between the members that cross each other in the plane of 
FRW was assumed rigid – a design check of the welded connections has proved that the weld 
sizes were quite conservative, thus alleviating any possibility of relative rotation of members 
during serviceability/ultimate loading. In addition, the ultrasonic test has confirmed no 
suspected cracked or defective welds. The structural elements modeled included the main 
primary longitudinal box section, the transverse box section at the supports, the inverted T-
section cross girders, the channels and the decking RHS sections; a rendered FRW model is 
shown in Fig. 13.  
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 The RCS was modeled using a grillage of beam elements in the X-Y plane, connected 
and restrained at their nodes to the FRW grillage. Each element posses a unique bending and 
torsional inertia to represent the portion of the deck which it represents. Recommendations 
given by Hambly (1991) and Bowles (1996, p. 562) were incorporated in the formulation of 
grillage of ‘beam’ elements in the modeling the RCS. Several assumptions were made to 
simplify the model without any loss in accuracy: The camber provided for drainage was 
neglectedand the ; end kerbs were disregarded. The beam elements were placed such that 
they coincided with the line of main box girder and cross girder elements in a vertical plane. 
Master-slave relationships were enforced between the RCS elements and the FRW 
elements(Harris, 2007). This technique has simulated the composite action between the steel 
main box girder and the RCS pavement provided by the shear studs welded to the upper 
flange of the girder; it also distributed some load to the connection beam (due to presence of 
shear studs).  
 The FRW bridge is supported at five points on each abutment; under each support 
elastomeric rubber pad is placed. Although from the moment and stress resultant perspective 
the pads could have been omitted, they were included to capture the displacement adequately.    
In the FRW model, flexible restraint was assigned to the support nodes to simulate the 
elastomeric rubber pads through spring elements. Two elastomeric pads were modelled under 
the main box girder, while a single pad was modelled under each of the  Z-beams and the 
central connection beam.  
 
Calibration of the Grillage Model  
The grillage model was calibrated using the measured displacements from the field test. In the 
actual construction, the centre brackets connecting the two FRWs at the end of the bridge span 
were bolted to the abutment back wall which provided some partial rotational constraint; this was 
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required to be calibrated.  For this purpose the deflections measured close to the support were 
used.  Spring constants (representing support) were adjusted until these deflections measured at 
site were matched with the prediction.  The deflection of the main box girder 1 measured under 
the eccentric loading along the bridge span is plotted in Fig. 14; the model prediction is also 
shown in the figure. The variation is a maximum of 2.5% only; therefore, the model is further 
used to predict the behaviour of the FRW-RCS bridge for various design load sceanrios.  
 
Serviceability Limit State 
For serviceability limit state adequacy, clause 6.11 of AS 5100 (2004) stipulates the usage of 
M1600 moving traffic load. M1600 serviceability load consists of tri-axle set of wheels, each 
wheel having a magnitude of 60 kN at varying spacing and uniformly distributed load (UDL) 
of 6 kN/m distributed over the entire standard design width of 3.2 m.  The UDL component 
of the M1600 can be placed to any length as deemed necessary ogether with the tri-axle 
group of loads to produce the most adverse effects. For the FRW bridge considered, only the 
portion shown in Fig. 15 forms the critical M1600 loading. The M1600 serviceability load 
after multiplying with appropriate factors will have an UDL of 7.8kN/m as well as a series of 
concentrated tri-axle loads of 81kN each per wheel. The critical location for M1600 load was 
determined so that the most adverse bending and shear can be generated in the main box 
girders. Eccentric loading was found critical for main box girder and applied in the model. 
 The vertical displacement profiles of the FRW box girders 1 and 2 and the central 
connection beam under the eccentric loading predicted by the model are presented in Fig. 16.  
From these profiles it is seen that the maximum vertical deflection at the mid span under M1600 
serviceability load is significantly lower than the AS 5100 prescription (i.e maximum limit given 
is 1/600
th 
of the span - 16.76 mm), thus satisfying the serviceability requirement. 
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Ultimate Limit State 
The ultimate limit state performance was assessed by comparing the maximum bending moment 
output under the M1600 ultimate load applied in the FRW model at the critical location (eccentric 
loading) with the member capacity of the main box girders. Similarly, the maximum shear force 
under the M1600 load obtained from the grillage analysis is compared with the member shear 
capacity of the main girder. The M1600 ultimate load allowing for appropriate dynamic load 
factors has an UDL of 14.04kN/m and wheel load of each 145.8 kN. 
 
Bending performance 
The maximum bending moment profile generated under the M1600 ultimate load for the critical 
location (eccentric loading) in the model is plotted in Fig. 17; the bending capacity of the main 
box girder is also plotted for comparison. The ultimate moment capacity  uM was determined 
from the standard procedure of calculating the section capacities (from the section dimensions 
and the material properties) and factoring in the effects of member action allowing for the lateral 
restraints.  It can be seen from the Fig. 15 that the main box girder has sufficient bending capacity 
to resist the BM generated by the M1600 ultimate load applied on top of the slab. The max BM in 
the main box girder was only 227kNm. The small ultimate bending moment at the mid span of 
the main girder is attributed to the indeterminacy induced by the composite action between the 
grid members representing the RC slab and the FRW. The RCS grid members distributed the 
applied M1600 loading closer to the supports of the box girder. 
 
Shear performance   
For the maximum shear the M1600 ultimate load was applied near the support (300mm from the 
centre of one of the end supports to the exterior wheel load of M1600).  Eccentrically applied 
M1600 loading generates maximum SF on a single girder and this SF is more critical than the SF 
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due to concentrically applied loading.  Therefore, only eccentric loading was considered and the 
corresponding SF distribution is presented in Table 2. Shear yield and shear buckling checks 
were used to determine the uV . It can be noted from Table 2 that the main girder of the FRW has 
sufficient shear capacity to resist high axle loads (M1600 ultimate load). 
 
CONCLUSIONS 
This paper has presented in-service performance assessments of FRW bridge deck containing 
RCS pavement. Eighteen performance tests were carried out on a newly constructed bridge in 
a low volume high axle load traffic road network.  Deflection and strains responses at several 
critical locations were measured. It was found that these responses linearly increase with the 
speed of the truck.  The largest deflection and strain values correspond to an expected 
maximum speed of 70km/h at the mid span were linearly proportioned to obtain the 
serviceability limit state value as per AS 5100 (2004). The following general conclusions 
have emerged from the study: 
 Use of high speed video of moving truck can accurately predict the wheel position 
and synchronise the wheel load data with the deformation and strain time series.  
 Strain gauges and LVDTs are sensitive enough to predict the effect of speed of 
moving truck even in low speed range. 
The following conclusions are specific to the FRW bridge: 
 The largest deflection measured under the M1600 serviceability load (3.49 mm) 
remained well below the serviceability deflection limit (16.76mm).  
 The maximum bending moment at the mid span and shear force near the supports 
under the ultimate load was found to be smaller than the member capacities, thus 
inferring the structural adequacy of FRW as the bridge superstructure.  
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 The RCS pavement, through composite action with the FRW, enhances the strength of 
FRW whilst significantly reducing the bending moment of the main girder.  
 In-service performance study concludes that the disused FRWs are competent to resist 
high axle loading prescribed in AS 5100 and are a viable alternate solution of bridge deck in 
context to low volume road network, where fatigue is less prominence. 
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Table 1 Maximum shear strains in girder 1 near the support 
 
 
 
Speed 
(km/h) 
Centric 
loading 
Eccentric 
loading 
0 43 74 
5 98 104 
20 97 107 
30 104 109 
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Table 2 Comparison of shear force against shear capacity of the main box girder 
 
 
Length 
from the 
bolster 
end 
(mm) 
Girder 
depth 
(mm) 
 Shear 
Capacity 
vV  (kN) 
 0.8   
Design 
Shear 
Force 
*V (kN) 
0 341 707 474 
300 380 802 358 
600 418 894 312 
900 456 986 272 
1200 495 1081 275 
1500 533 1174 275 
1800 571 1266 212 
2100 610 1361 195 
2690 660 1482 134 
5029 660 1482 3 
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Fig. 1 FRW bridge deck: cross section at mid span 
 
 
Fig. 2 Connection bracket to connect two FRWs 
 
 
Fig. 4 Test truck wheel load configuration 
 
 
Fig. 5 Test truck on the marked line 
 
 
(a)   Static test 
 
(b) Moving test 
 
Fig. 8 Typical traces observed in the measurement 
 
(a) Main girder 1 
 
(b) Main girder 2 
 
Fig. 9 Maximum mid span deflection under different speeds 
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 (a) Girder 1 
 
 (b) Girder 2 
 
 Fig. 3 Maximum bending strain at mid span under different speeds 
 
Fig. 11 Typical connections of two nodes through master-slave constraint 
 
 
Fig. 13 Deflection comparisons between the model and the test along the girder 1 (eccentric 
loading) 
 
 
 
Fig. 14 M1600 moving traffic load applied in the model 
 
Fig. 15 Vertical displacement profiles along the main box girders (eccentric loading) 
 
 
Fig. 16 Vertical displacement profiles along the central connection beam (eccentric loading) 
 
 
Fig. 17 Bending moment profile due to M1600 ultimate load along the FRW main box girder 
vs bending capacity of box girder 
 
 
 
 
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
Journal of Bridge Engineering. Submitted May 30, 2011; accepted December 6, 2011; 
posted ahead of print December 8, 2011. doi:10.1061/(ASCE)BE.1943-5592.0000357
Copyright 2011 by the American Society of Civil Engineers
A
c
c
e
p
t
e
d
 
M
a
n
u
s
c
r
i
p
t
 
N
o
t
 
C
o
p
y
e
d
i
t
e
d
